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ABSTRACT
PLAZA (https://bioinformatics.psb.ugent.be/plaza) is
a plant-oriented online resource for comparative,
evolutionary and functional genomics. The PLAZA
platform consists of multiple independent instances
focusing on different plant clades, while also provid-
ing access to a consistent set of reference species.
Each PLAZA instance contains structural and func-
tional gene annotations, gene family data and phy-
logenetic trees and detailed gene colinearity infor-
mation. A user-friendly web interface makes the nec-
essary tools and visualizations accessible, specific
for each data type. Here we present PLAZA 4.0, the
latest iteration of the PLAZA framework. This ver-
sion consists of two new instances (Dicots 4.0 and
Monocots 4.0) providing a large increase in newly
available species, and offers access to updated and
newly implemented tools and visualizations, helping
users with the ever-increasing demands for com-
plex and in-depth analyzes. The total number of
species across both instances nearly doubles from
37 species in PLAZA 3.0 to 71 species in PLAZA 4.0,
with a much broader coverage of crop species (e.g.
wheat, palm oil) and species of evolutionary interest
(e.g. spruce, Marchantia). The new PLAZA instances
can also be accessed by a programming interface
through a RESTful web service, thus allowing bioin-
formaticians to optimally leverage the power of the
PLAZA platform.
INTRODUCTION
Thewealth of data produced by the various sequencing con-
sortia is not utilized to its full potential without the appli-
cation of in-depth functional genomics, bolstered by robust
comparative genomics. Indeed, while the price of sequenc-
ing a single genome has dropped dramatically these past
few years (1), repeating even a fraction of all experiments
performed on model organisms would represent an exorbi-
tant cost. It is therefore imperative that platforms are devel-
oped that offer the necessary tools to translate and transfer
knowledge from well-studied model organisms to species of
economic, ecological and evolutionary interest. Within the
plant kingdom a variety of such platforms is available, each
with a different focus, such as PLAZA (2), Phytozome (3),
Gramene (4) and Ensembl Plants (5).
In this manuscript we present PLAZA 4.0 (available at
https://bioinformatics.psb.ugent.be/plaza), the most recent
version of the PLAZA platform for comparative, evolu-
tionary and functional genomics. This latest version offers
access to a total of 71 species (Supplementary Table S1),
for each of which we computed functional and homology
information based on the available structural annotations.
The PLAZA platform functions as a web-based informa-
tion and analysis portal to study both model and crop plant
organisms through the different data types, analysis tools
and visualizations it offers.
OVERVIEW PLANT GENOMES
Driven by the ever-decreasing cost and expanding through-
put of new genome sequencing technologies, many new
plant genomes have been sequenced during the last years,
ranging from small to gigantic, repeat-rich or polyploid
genomes (6). This acceleration resulted in a total of 157
available plant genomes of varying quality with regards to
both assembly and annotation, covering a wide range of or-
ders and families within the green plant lineage. We chose
to incorporate a selection of species, based on three dis-
tinct criteria: the phylogenetic clade, the coverage of taxa
per clade and the quality of the genome assembly. In total,
71 genomes were retained and distributed over two PLAZA
4.0 instances focusing on dicots and monocots, respectively
(see Supplementary Table S1 for data sources and version
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information, and Supplementary Method S1 for references
used to build the instance species trees).
Shared between both PLAZA instances are 13 reference
species which largely exhibit the following characteristics:
high-quality genome for a model species of a specific phy-
logenetic clade (e.g. Oryza sativa), large amount of func-
tional data (e.g. Arabidopsis thaliana), unique phylogenetic
location and/or use as outgroup (e.g. Physcomitrella patens
and Chlamydomonas reinhardtii). The reference species that
we are using within both PLAZA instances also include
species that were not present in previous PLAZA versions,
but which are deemed crucial as outgroups to the flowering
plants. For example,Amborella trichopoda was only present
in the dicot instance of PLAZA 3.0 but is a reference species
in both PLAZA 4.0 instances due to its unique place in the
phylogeny of the Angiosperms. With the addition of Picea
abies, a representative of the Gymnosperm clade has been
included, and Marchantia polymorpha strengthens our un-
derstanding of the origins of seed plants as it is part of
the same extant clade as Physcomitrella patens. Since ded-
icated resources focusing on unicellular photosynthetic eu-
karyotes are available elsewhere (7,8), we decided to only
incorporate a limited set of green algae to be used as out-
group for the new PLAZA 4.0 instances.
Both the PLAZA 4.0 Monocot and Dicot instances con-
tain significantly more species compared to their PLAZA
3.0 counterparts, having 29 and 55 genomes, respectively.
For the Dicot instance the largest increase is observed
within the Asterid clade, which now contains nine species
covering six different families. The two other major clades
within the Eudicots are the Malvids and the Fabids. The
coverage of the former has increased only moderately (from
10 to 13 species), while the latter nearly doubled in size
compared to PLAZA 3.0 (from 11 to 20 species). For the
Monocot instance a more gradual expansion of the differ-
ent clades can be seen (Figure 1) with the total number
of Monocots increasing from 8 to 18 species. PLAZA 4.0
now covers a larger number of different Monocot families
(12 families versus 5 families in 3.0), including the intro-
duction of early branching clades such as the Alismatales
(Zostera marina and Spirodela polyrhiza), the Asparagales
(Phalaenopsis equestris) and the Arecales (Elaeis guineen-
sis).
To ensure maximum compatibility with other platforms,
the PLAZA 4.0 platform now aims to use the original gene
identifiers as provided by the genome sequencing projects.
In previous PLAZA versions custom identifiers were often
created in order to have a clean and consistent nomencla-
ture of genes, in line with the TAIR gene identifiers. This ap-
proach has however become untenable: keeping stable gene
identifiers across multiple annotation versions is a prior-
ity for many genome annotation projects, but requires con-
siderable effort and is not easily duplicated for the large
amount of organisms within the PLAZA platform. There-
fore, we strived to retain the original gene identifiers wher-
ever possible (see Supplementary Table S1 for exceptions).
All search functions, as well as the PLAZAworkbench, sup-
port both the original as well as newly generated gene iden-
tifiers.
NEW FEATURES TO IMPROVE COMPARATIVE GE-
NOMICS DATA EXPLORATION
New and improved visualizations
Offering a web-based platform, which holds large and com-
plex data, to end-users often entails multi-tiered solutions:
while some users prefer simply browsing column-based in-
formation, others require attractive and informative visual-
izations to reduce the complexity of the data to make them
more easily interpretable. Therefore, multiple custom visu-
alizations and interactive tools are under continuous devel-
opment in the PLAZA platform. With the major browsers
moving away from plugins such as Java, Silverlight and
Flash, it has become imperative to replace the tools that
depended on these plugins with newly developed state-of-
the-art equivalents. Furthermore, some of the tools present
in previous PLAZA versions relied on static images with
very few possibilities for interaction. These were thus also
replaced in order to further allow the end-user to explore
the data in a user-friendly and efficient way.
Phylogeny is one of the core concepts within the PLAZA
platform: from studying orthologous relationships to the
transfer of functional annotation, many tools and analyzes
depend on the visualization and interpretation of phyloge-
netic trees. This feature has been enhanced by mapping ad-
ditional information onto phylogenetic trees (such as gene
structure information, protein domains or gene duplication
information), helping the downstream analysis of the asso-
ciated gene families. The previous PLAZA versions relied
on the externally developed software tool Archaeopteryx
(previously ATV) (9) to display these phylogenetic trees.
However, as Archaeopteryx is a Java applet-based solution,
we developed PhyD3 (10), an easily extensible JavaScript
based alternative that can be used to add a variety of data
charts to phylogenetic trees. PhyD3 can be used to visualize
species trees as well as gene family trees.
A tree-based visualization made using PhyD3 was de-
veloped to generate a data overview of the content within
the PLAZA platform (Figure 1 and Supplementary Figure
S1). This overview offers an intuitive way to compare the
annotations, both structural and functional, between the
various species present in a PLAZA instance. For exam-
ple, by exploring these data overviews it quickly becomes
quite clear that only few genome projects include the anno-
tation of non-coding genes, and if they do it is mostly re-
stricted to transposable elements. Similarly, this view offers
a clear summary of the available functional annotations per
species, enhanced with evidence information for Gene On-
tology (GO) annotations over three categories (experimen-
tal, computational reviewed and electronic annotations).
Whereas the visualization of multiple sequence align-
ments (MSAs)was previously performed using the Java pro-
gram JalView (11), a JavaScript implementation present in
the BioJS registry (12) is now used to explore MSAs (13).
Although less extensive with regards to options and asso-
ciated tools when compared to JalView, this JavaScript im-
plementation still offers the necessary basics which are ex-
pected of an MSA viewer: sorting of sequences, filtering of
both columns and sequences based on various criteria, se-
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Figure 1. Data content overview Monocot instance PLAZA 4.0. Species in bold are newly included species compared to previous PLAZA instances.
Orphan gene families are single-copy species-specific genes. GO evidence groups are based on the following GO evidence types: Experimental (EXP, IDA,
IPI, IMP, IGI, IEP), Computational Reviewed (ISS, ISO, ISA, ISM, IGC, IBA, IBD, IKR, IRD, RCA) and Electronic (TAS, NAS, IC, ND, IEA, NR).
lecting different coloring schemes, and exporting the MSA
in various output formats.
Gene and genome colinearity is another major data type
within the PLAZA platform. Colinear regions, describing
conserved gene content and order (both within and between
species) are instrumental in the study of genome evolution
(14) and can also be used to identify orthologs showing
conserved genome organization. Within the PLAZA plat-
form, colinearity is visualized on three different levels: be-
tween species, between chromosomes, and between chromo-
somal segments. For the first two levels the most-used ex-
ploratory visualization is the WGDotplot tool (15). Origi-
nally only a static image was provided with more interactiv-
ity provided in subsequent updates by the introduction of a
Java applet-based solution (16). Now, a custom JavaScript
replacement has been implemented, offering the same set
of options while being future-proof and less memory in-
tensive (Figure 2A). The colinearity between chromosomal
segments requires more advanced data visualizations, as co-
linear regions between multiple species can span multiple
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Figure 2. New tools and data visualizations. From top to bottom and left to right: (A) JavaScript WGDotPlot, (B) Multiplicon Plot, (C) Interactive
Phylogenetics Module. The WGDotPlot shows the inter-species colinear regions between Oryza sativa ssp. Japonica and Zea mays. The Multiplicon Plot
shows highly conserved colinearity across the Angiosperms (PLAZA 4.0 Monocot instance). The Interactive Phylogenetics Module was run using family
HOM04M002831 as seed with a custom selection of species.
segments. A set of colinear segments is indicated with the
term ‘Multiplicon’, and associated with this data type the
MultipliconViewer tool is implemented. A previously im-
plemented static image-based visualization has now been
replaced by a more flexible and interactive JavaScript-based
viewer. The newMultipliconViewer offers adaptive filtering
(allowing end-users to view only the segments of the species
of interest), custom sorting (rearranging the order of the co-
linear regions within the view), as well as much more de-
tailed and customizable information when selecting genes
within the colinear regions (Figure 2B). In PLAZA 4.0 co-
linear regions are now also searchable through the Colin-
ear Region Finder tool, making it now possible to look for
multiplicons that have complex and adaptable strictness re-
quirements (e.g. regions that are present in all dicots, dupli-
cated in A. thaliana but not duplicated in Brassica rapa).
Compared to colinearity, synteny is a less strict alterna-
tive where only the conservation of gene content is con-
sidered (14). By using the SyntenyPlot visualization, ge-
nomic adaptations between gene family members, such as
gene insertions, gene inversions and gene transpositions, are
easily investigated. The new SyntenyPlot is based on the
same codebase as the MultipliconViewer and as such of-
fers the same functionality: filtering, sorting and showing
additional gene content information (Supplementary Fig-
ure S2). To cope with large gene families, data is presented
to the end-user in a paginated way within the SyntenyPlot.
In order to make the website fully compatible with mo-
bile devices, the GenomeView genome browser has been re-
placed with IGV.js genome browser (https://igv.org/), which
is a JavaScript implementation of the original IGV genome
browser (17).
Adaptations to the PLAZA workbench
The PLAZA workbench allows users to perform analyses
on sets of genes, without requiring any programming expe-
rience. Since its inception in the first PLAZA version (15),
multiple improvements have been made with regards to its
functionality and performance (16). In PLAZA 4.0, we in-
troduce the feature to share workbench experiments be-
tween end-users: a single user can now create a workbench
experiment and share this with other users. This prevents
users working on the same dataset from having to maintain
their own workbench experiments and having to synchro-
nize between different researchers
Interactive phylogenetics module
For every gene family present in the PLAZA platform,
a maximum likelihood phylogenetic tree is computed.
Whereas PLAZA 4.0 Dicots and Monocots contain 24 580
and 19 125 pre-computed phylogenetic trees, respectively,
one of the drawbacks of a fully-automated build proce-
dure is that certain limitations have to be set with regards
to the computation of MSAs and phylogenetic trees. For
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very large gene families (>1000 genes) the PLAZA work-
flow does not compute the phylogenetic trees due to poten-
tial low quality MSAs which do not result in reliable phylo-
genetic trees.
To overcome this limitation, a new tool was developed
that allows the user to create a custom MSA and phyloge-
netic tree by using the PLAZA platform as reference. This
interactive phylogenetics module offers a versatile tool for
customized gene orthology analysis, by giving the user the
ability to select which species or genes to include in theMSA
and tree. Gene families for which a tree is computed often
contain genes from species that the end-user is not inter-
ested in, and gene families which are too large need gene
selection and filtering to be interpretable. Furthermore, ex-
tra homologous DNA or protein sequences can be added,
enabling the inclusion of genes from species not present in
the PLAZA platform.
The Interactive Phylogenetics Module can either start
from a single gene or from a gene family, which is used as
seed to define the gene set for which the MSA and phy-
logenetic tree will be constructed. Genes can be added to
the gene set in multiple ways: (i) single-gene selection based
on the BLAST-hits of the query gene or gene family mem-
bers, (ii) species-based selection based on the BLAST-hits
of the query gene or gene family members, (iii) external
DNA or protein sequence(s). After the gene selection, the
user can proceed by defining the program settings. While
the standard PLAZA routine for tree construction consist
ofMSA creation byMUSCLE (18) followed byMSA filter-
ing and trimming, and phylogenetic tree construction using
FastTree (19), the Interactive Phylogenetics Module allows
for different processing options. The algorithm used for the
generation of theMSA can be eitherMUSCLE orMAFFT
(20), the latter using automatic method detection. Next, the
user can choose theMSA editing mode: no editing, removal
of lowly conserved positions by trimming the sequences,
filtering of partial sequences or both trimming and filter-
ing. Finally, the phylogenetic tree construction method has
to be defined, which can be either the approximate max-
imum likelihood method FastTree, or the maximum like-
lihood methods PhyML (21), RaXML (22) or IQ-TREE
(23). The latter will perform a test to detect the best fitting
protein model (24) from the following widely used mod-
els: JTT, LG, WAG, Blosum62, VT and Dayhoff. A thou-
sand rounds of ultra-parametric bootstrapping are run in
IQ-TREE and the FreeRate model is used for rate hetero-
geneity across sites. All other methods use the WAG pro-
tein model in combination with 100 bootstraps and gamma
approximation for modeling rate heterogeneity across sites.
The resulting tree is then visualized using the PhyD3 pro-
gram (Figure 2C).
Application programming interface (API)
The PLAZA platform currently performs multiple roles: (i)
a starting-point for single-gene analysis, (ii) a reference for
orthologous relationships and (iii) a tool to study genome
evolution. In addition PLAZA also functions as a refer-
ence data warehouse: multiple papers cite PLAZA as the
platform where they retrieved the structural and/or func-
tional annotation of entire species to be used in other large-
scale analyzes (25,26). This is made possible because the
PLAZA platform offers downloads for both the input data
and processed data in standardized formats. However, this
approach is cumbersome and sub-optimal for other on-
line tools which would like to make use of the PLAZA
data in a more interactive way, e.g. workflow systems such
as Galaxy (27). To accommodate this growing need, the
PLAZA platform now offers access to multiple data types
through a newly developed Application Programming In-
terface (API).
This RESTful API is available per PLAZA instance (e.g.
Dicots 4.0 or Monocots 4.0). Therefore, the end-user has
to decide first which PLAZA instance to query prior to
performing the API calls. The API can be accessed either
after authentication or anonymously. The former requires
an account at the workbench of the PLAZA instance be-
ing targeted, and this information is used to obtain a JSON
Web Token (JWT). This token is subsequently passed to the
server during the follow-up API calls to ensure authentica-
tion without having to resend the username and password
with each API call, thus limiting the risk of eavesdropping.
The use of JWT allows for granular filtering of users, as well
as for the throttling of API calls to prevent overload of the
server. Anonymous access to the API is possible by request-
ing a token without providing authentication information.
The user identifier within this token is however shared be-
tween all anonymous users and thus all these requests are
subject to server-side throttling of API requests. Users can
easily circumvent this by creating a free account in thework-
bench of the appropriate PLAZA instance.
All major data types from the PLAZA platform can be
retrieved using the API, on a gene-by-gene basis or by pro-
viding a set of gene identifiers as input: structural anno-
tations, gene family information, functional annotations
(Gene Ontology and InterPro), orthology information, etc.
Apart from support for data-retrieval methods, some types
of analysis methods such as GO enrichment are also pro-
vided (Supplementary Figures S3 and 4).
The PLAZA API, like the rest of the platform, is un-
der continuous development. Therefore, the offered API
calls will be extended in the future. An up-to-date overview
of the PLAZA API calls, as well as example routines in
various scripting languages, can be found in the online
PLAZA documentation (https://bioinformatics.psb.ugent.
be/plaza/documentation).
BUILD PROCEDURE
The general workflowof the PLAZAbuild procedure, as de-
scribed in (2,15,16) has not been significantly altered: pro-
tein coding genes are compared against each other, sub-
sequently clustered into gene families, and used to delin-
eate colinear regions between and within genomes by ap-
plication of the i-ADHoRe algorithm (28) (Supplementary
Method S2). MSAs and phylogenetic trees are constructed
for the gene families. The trees, the subfamily informa-
tion, the colinearity information and the protein alignment
scores are then used to infer orthologous relationships us-
ing an integrative approach. This data is subsequently used
to transfer functional annotations between orthologs, from
model species to crop species.
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Some programs within the workflow have been replaced
in favor of alternatives offering better performance or ef-
ficiency: NCBI BLAST (29) has been replaced by DIA-
MOND (30), while OrthoMCL (31) has been replaced by
OrthoFinder (32). The replacement of NCBI BLAST was
decided upon due to the massive computational perfor-
mance gains introduced by the DIAMONDprogram, while
maintaining sensitivity and specificity comparable to NCBI
BLAST. We used the ‘–more-sensitive’ parameter in order
to retain the highest possible accuracy, together with the 1e-
5 e-value used in previous PLAZA builds (Supplementary
Method S2).
CONCLUSION
The PLAZA 4.0 update offers a large increase in the num-
ber of available species covering a much broader range of
plant families, targeting organisms that are of commer-
cial, ecological or academic interest. The reworked and re-
designed visualizations offer an improved user experience
by no longer relying on external web browser plugins. With
the addition of the new Interactive Phylogenetics Module,
the PLAZA platform now also offers a solution to resolve
the phylogeny of complex and large gene families. Finally,
the newly developed API creates novel opportunities for
bioinformaticians to retrieve data from the PLAZA plat-
form in an interactive way.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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